The Philadelphia chromosome results from the t(9;22)(q34;q11) translocation which fuses the Bcr and c-Abl genes (1) . Three different forms of the Bcr-Abl fusion protein occur, p185, p210 and p230 depending on the breakpoint in the Bcr gene (2) . All forms of Bcr-Abl result in leukaemia, however, the cell type affected and the course of the disease differ for each form. p210 Bcr-Abl is seen in 95% of patients with chronic myeloid leukaemia (CML) and is generally believed to be the causative agent. The other two forms of Bcr-Abl occur less frequently. p185 Bcr-Abl is seen in approximately 25% of patients with acute lymphocytic leukaemia (ALL) while the p230 form has been associated with a subset of chronic neutrophilic leukaemia (CNL) patients. All versions of Bcr-Abl display enhanced tyrosine kinase activity compared with the normal Abl kinase, and this is crucial for transformation.
Chronic myeloid leukaemia is a myeloproliferative disorder which results in the primitive release of immature myeloid cells into the blood (3) . Cellular characteristics of CML include growth factor independence (4), adhesion independence (5) , and resistance to drug-induced apoptosis (6) . This drug-resistance makes CML very difficult to manage clinically. Although a number of signal transduction pathways have been shown to be activated by Bcr-Abl, the exact mechanisms leading to transformation are still largely unknown. Among the pathways implicated are the Ras (7), PI3K (8) and JAK (Janus kinase)/STAT (signal transducer and activator of transcription) pathways (9) . STATs represent a family of five proteins, when phosphorylated they become activated and subsequently dimerise and translocate to the nucleus where they activate transcription (10) . To date these are the only transcription factors known to be Hickey FB, Cotter TG. Identification of transcriptional targets associated with the expression of p210 Bcr-Abl.
Abstract: Objectives: Chronic myeloid leukaemia is caused by the expression of the p210 Bcr-Abl fusion protein which results from the Philadelphia translocation, t (9;22) . This oncogene has been the focus of extensive research. However, the molecular mechanisms responsible for the haematological malignancy are not fully understood. The main objective of the current study was to identify novel transcriptional targets of Bcr-Abl. Methods: In order to achieve this, microarrays were employed in order to conduct a genome-wide expression analysis comparing 32D cells with a transfected clone expressing high levels of p210 Bcr-Abl. Quantitative RT-PCR was employed in order to confirm the observed increase/decrease in expression for a number of the deregulated genes. Results and conclusions: This comparison identified 138 genes of known function showing altered expression in response to Bcr-Ablmediated signalling. Among the genes found to be upregulated in response to p210 Bcr-Abl were aldolase 1A and phosphofructokinase, both of which encode key enzymes in the glycolytic pathway. As a consequence of this, we demonstrate that the rate of glycolysis is significantly increased in Bcr-Abl expressing cells in a PI3K-dependent manner. Our results also indicate altered expression of genes involved in cell proliferation, cell adhesion and cell signalling.
regulated by tyrosine phosphorylation and as such present a potential direct target of Bcr-Abl. Bcr-Abl has been shown to mainly phosphorylate STAT5 leading to itÕs constitutive activation (11) . However, there have also been some reports of STAT1 and STAT3 activation by Bcr-Abl, although to a lesser extent (12) .
It has been reported that the resistance of CML cells to drug-induced apoptosis is mainly dependent on the Ras and PI3K pathways (13, 14) . However, a better understanding of this acquired drug resistance would inevitably lead to better treatment options for patients. In order to achieve this it is necessary to unravel the underlying molecular mechanisms of transformation by Bcr-Abl. Currently very little is known about the downstream effects of Bcr-Abl on transcription. It is hoped that the identification of genes differentially expressed in response to p210 Bcr-Abl will allow a better understanding of the molecular mechanisms of CML, possibly identifying new targets for therapy. One of the technologies enabling this is transcriptional profiling (15) .
We applied microarray technology to a normal mouse haematopoietic cell line (32D) and a transfected clone of this cell line expressing high levels of p210 Bcr-Abl (C4). In this report we detail the findings of this microarray experiment and also describe the confirmation of altered expression of chosen genes of interest by real-time RT-PCR in both C4 cells and a human CML cell line -K562. Among the genes found to be upregulated in response to Bcr-Abl expression were several with reported involvement in cellular adhesion including gamma parvin and cadherin 5. We also found that a number of genes encoding glycolytic enzymes were upregulated and we demonstrate that this results in a significantly increased rate of glycolysis in these cells. We also present evidence that this increased glycolytic activity is dependent on the PI3K pathway. We found that while Bcr-Abl affects the expression levels of many genes involved in cellular proliferation and cell cycle progression, including Fyn, cyclin G2 and cyclin D3, no overall affect was seen on the rate of growth of Bcr-Ablpositive cells in comparison with the parental cell line under normal culture conditions. However, the increased expression of these genes may be involved in the IL-3-independent proliferation of C4 cells.
Materials and methods

Cell culture, transfection and reagents
The 32D cell line was maintained in RPMI 1640 (Gibco Invitrogen Corporation, Paisley, UK) with 10% WEHI conditioned media (WE-HI CM) as a source of IL-3. The Bcr-Abl expressing C4 clone was maintained in RPMI 1640, containing 0.2 lg/ mL puromycin (Sigma-Aldrich, Dublin, Ireland). C4 cells treated with STI571 were cultured in the presence of 10% WE-HI CM. C4 cells transfected with dnp110c (K832R) were maintained in media supplemented with 250 lg/mL G418 sulphate (geneticin; Sigma-Aldrich). K562 cells were cultured in RPMI 1640 containing 200 lm l-glutamine (Sigma-Aldrich). Recombinant human granulocyte-macrophage colony-stimulating factor (rhGMCSF; Sigma-Aldrich) was added to the media of K562 cells treated with STI571, at a final concentration of 20 ng/mL. All cultures were supplemented with 10% foetal calf serum, 100 U/mL penicillin and 1 mg/mL streptomycin (Sigma-Aldrich). The pcDNA3 vector encoding dominant negative p110c (K832R) was kindly provided by Dr R. Wetzker (University of Jena, Germany). Transfection of C4 cells was achieved by electroporation using a Gene Pulser apparatus (Bio-Rad, Alpha Technologies, Dublin, Ireland). Stably transfected clones were obtained by serial dilution in media containing 700 lg/mL G418. STI571 was kindly provided by Novartis (Basel, Switzerland); LY294002 was purchased from Calbiochem (Merck Biosciences, Nottingham, UK).
Cell lysis and immunoblotting
Cells were lysed in RIPA buffer [50 mm Tris-HCl (pH 7.4), 1% NP-40, 0.25% sodium deoxycholate, 150 mm NaCl, 1 mm EGTA, 1 mm Na 3 VO 4 , 1 mm NaF, 1 lg/mL antipain, 1 lg/mL aprotinin, 1 lg/ mL chymostatin, 0.1 lg/mL leupeptin, 1 lg/mL pepstatin and 100 lm PMSF]. The lysates were centrifuged at 20 000 g (4°C) for 15 min to remove insoluble debris. Equivalent amounts of protein, as determined by the Bio-Rad Protein Assay, were resolved using SDS-PAGE and transferred to nitrocellulose membrane (Schleicher and Schuell, Dassel, Germany). All secondary antibodies were peroxidase conjugated and proteins were detected using Enhanced Chemiluminescence (Amersham Biosciences, Little Chalfont, UK). Antibodies: anti-c-Abl (AB-3) (Calbiochem), anti-phosphotyrosine (PY20) (Transduction Laboratories, San Diego, CA, USA), anti-phospho-AKT (ser 473) and anti-AKT (Cell Signaling Technology, Danvers, MA, USA), anti-b-actin (Sigma-Aldrich).
Measurement of apoptosis (phosphatidyl serine exposure)
The exposure of phosphatidyl serine (PS) on the extracellular surface of the plasma membrane was monitored by the binding of annexin V-fluorescein isothiocyanate (FITC), according to the manufacturer's instructions (IQ Products; Labron Ltd, Dublin, Ireland). Briefly, 5 · 10 5 /mL cells were resuspended in calcium binding buffer (10 mm HEPES, 2.5 mm CaCl 2 , 140 mm NaCl) and incubated with annexin V-FITC for 5 min at room temperature in the dark. Cells were incubated with 50 lg/mL propidium iodide (PI) at room temperature before analysis. Fluorescence resulting from FITC and PI was measured at 530 nm (FL1) and 590 nm (FL2), respectively, and analysed using cellquest software on a FACScan flow cytometer (Becton Dickinson, Oxford, UK) using an excitation of 488 nm.
Microarray hybridisation procedure
Total cellular RNA was prepared using Tri Reagent (Biosciences, Dublin, Ireland). Probe synthesis was carried out as described in the GeneFilters Microarray protocol (Research Genetics, Invitrogen, Biosciences, Dublin, Ireland). Briefly, cDNA was synthesised from 10 lg total RNA using oligodT primer with [a-33 P]-labelled dCTP (Amersham Biosciences, Freiburg, Germany). cDNA probes were purified by passage through a Bio-Spin 6 chromatography column (Bio-Rad, Hemel Hempstead, UK). ResGen GeneFilters (Invitrogen) were prehybridised with 5 lg denatured Cot-1 DNA prior to addition of labelled probe. Hybridisation was allowed to proceed for 18 h at 42°C. Two washes were performed at 50°C with 2X SSC; 1% SDS for 20 min and one wash at 55°C with 0.5X SSC; 1% SDS for 20 min. Imaging of microarray membranes was achieved using a STORM 860 phosphorimager (Amersham Biosciences). Microarray experiments were carried out once.
Microarray data interpretation
Arrays were analysed using array vision software (Imaging Research Inc., ON, Canada). The intensity of all spots was adjusted by subtracting the local background from the observed intensity (sDensity). Intensity data were normalised for both arrays by means of the widely used global intensity normalisation method (16) . Average global background for each array was then calculated, and at this point all spots for which the adjusted intensity was less than 2 standard deviations above average background were flagged and omitted from subsequent analysis (17) . For each remaining spot the ratio of the adjusted intensity in array 1 to that in array 2 was calculated. A greater than twofold difference in expression levels was considered to be significant. Identities of expressed sequence tags (ESTs) were determined primarily by use of the FatiGO web tool (http:/fatigo.bioinfo.cnio.es), this program also categorised identified genes based on their function using Gene Ontology (GO) terms (18) .
Real-time RT-PCR
Total cellular RNA was prepared using Tri Reagent (Biosciences, Dublin, Ireland). Single-stranded cDNA was synthesised according to the M-MLV Reverse Transcriptase protocol (Promega, Southampton, UK). Oligo dT, MgCl 2 and RNAsin were also purchased from Promega. dNTPs were obtained from Sigma-Aldrich. Real-time PCR was performed using DyNAmoSYBR Green qPCR kit (Finnzymes, Essex, UK) on an Opticon 2 DNA Engine (MJ Research, Essex, UK) according to the manufacturer's instructions. PCR reactions were carried out as follows: 95°C for 5 min; 35 cycles of ) 95°C for 1 min, T anneal for 1 min, 72°C for 1 min -followed by 72°C for 5 min. Sequences of primers used for all genes are listed in Table 1 , along with annealing temperatures and product sizes. All primers were purchased from MWG Biotech (Milton Keynes, UK). In all cases, three biological replicates were used to confirm altered expression (i.e. three separate RNA extractions were performed). To control for DNA contamination of RNA samples, PCR was also carried out in the absence of reverse transcription. In this case MMLV was omitted from the reverse transcription reaction.
Assessment of cell viability
Cell viability was assessed by PI exclusion on a FACScan (Becton Dickinson) flow cytometer at 590 nm (FL-2). Cells were incubated with 50 lg/ mL PI at room temperature prior to analysis. The criteria for cell death as measured by flow cytometry were based on changes in light scattering properties of dead cells due to cell shrinkage and increased granularity and also permeability to PI.
Cell proliferation assay
Cells were plated at a density of 0.1 · 10 6 cells/mL. Cell numbers from aliquots of time course experiments were determined by trypan blue exclusion assay using a Neubauer haemocytometer. 
Results
Characterisation of cell line model of CML
The Philadelphia chromosome, caused by the reciprocal translocation t(9;22)(q34;q11), results in the expression of the Bcr-Abl oncogene. This was the first consistent chromosomal abnormality to be identified in a cancer (20) , with the 210 kDa form of Bcr-Abl being detected in 95% of all CML cases. Since the identification of Bcr-Abl as the causative oncogene of CML, many downstream pathways and targets have been identified. However, very little is known about the affect of Bcr-Abl on gene expression. Therefore, in order to identify genes regulated by Bcr-Abl we employed microarray analysis to compare 32D and C4 cell lines. 32D cells are IL-3-dependent myeloid progenitor cells, while C4 cells are a stably transfected clone of 32D cells expressing high levels of p210 Bcr-Abl (Fig. 1A) . The Abl gene encodes a non-receptor tyrosine kinase which, when fused to Bcr, becomes constitutively active. As such phosphotyrosine levels can be used as a measure of Bcr-Abl activity in cells. Figure 1B shows that C4 cells display greatly increased levels of phosphotyrosine compared with the parental 32D cell line, indicating a high level of Bcr-Abl tyrosine kinase activity in these cells. A further characteristic of CML is growth factor-independent growth. As shown in Fig. 1C , transfection of 32D cells with Bcr-Abl results in IL-3 independent growth, as would be expected. We demonstrate that when IL-3 is withdrawn from the media of 32D cells, 100% death is observed after 48 h, while C4 cells can be cultured indefinitely in the absence of IL-3.
Bcr-Abl-specific inhibitor STI571 reverts the phenotype of C4 cells to that of 32D cells STI571 (Gleevec) is a specific inhibitor of Bcr-Abl tyrosine kinase activity (21) .When C4 cells are treated with this pharmacological inhibitor the phenotype is reverted to that of 32D cells. This is demonstrated by a reduction in phosphotyrosine levels in a dose-dependent manner ( Fig for 48 h results in a reduction in phosphotyrosine levels equivalent to those seen in the parental 32D cell line. This confirms that, with this treatment, Bcr-Abl tyrosine kinase activity has been completely abolished in the C4 cell line. The inhibition of Bcr-Abl activity is further evident from the fact that C4 cells treated with 1 lm STI571 for 48 h become dependent on IL-3 for survival, similar to 32D cells. In the absence of IL-3, treatment with STI571 results in 100% death, however, this death can be prevented by adding We-Hi conditioned media as a source of IL-3 to the culture medium of C4 cells during the treatment (data not shown). Thus, treatment with STI571 allows us to block the activity of Bcr-Abl in C4 cells, thereby allowing us to ensure that any differences seen between the parental and transfected cell lines are in fact due to the tyrosine kinase activity of Bcr-Abl. Also, as seen in Fig. 2B , treatment with STI571 in the presence of IL-3 does not result in significant cytotoxicity, as demonstrated by annexin V/PI staining. This allows us to confirm that any affects seen after treatment are due to the inhibition of Bcr-Abl, and not as a result of cell death.
Differential expression of genes in Bcr-Abl expressing cells
In order to compare gene expression profiles between 32D and C4 cells, and to identify genes differentially expressed in response to Bcr-Abl, mRNA prepared from both of these cell lines was subjected to microarray analysis. The arrays used, ResGen GeneFilters, represented 5184 cDNAs (including both known genes and ESTs). Arrays were analysed using array vision software as described in the Materials and methods section. For this study we considered a change factor of 2 to be significant. This threshold value was chosen as a large proportion of the deregulated genes showed change factors between 2 and 3. It is also of interest to note that in the Bcr-Abl positive C4 cells a greater proportion of genes were found to have increased rather than decreased expression. The majority of cDNAs found to have increased or decreased expression in C4 cells represented ESTs. Where possible the identities of these ESTs were determined through the web-based FatiGO program (18) . This tool was also used in order to categorise genes with altered expression based on their function. This is achieved using GO terms. It was found that genes involved in a great number of cellular processes showed differential expression between 32D and C4 cells. These processes include cell adhesion, cell proliferation, protein biosynthesis, transcription, carbohydrate metabolism, etc. Genes with altered expression levels in each of these functional categories is shown in Table 2 along with the GenBank accession number and the change factor observed in C4 cells.
Validation of array results by real-time RT-PCR
In order to confirm the results seen in the microarray experiments, real-time RT-PCR was carried out for multiple genes showing increased expression in C4 cells. One of the clinical characteristics of CML cells is adhesion independence (5) . As such we confirmed the upregulation of gamma parvin (Fig. 3A) . Gamma parvin is member of a family of actin-binding focal adhesion proteins (22) . To date this family of proteins have not been implicated in CML. It is also of interest that several genes involved in cellular proliferation were upregulated in C4 vs. 32D cells. It is thought that Bcr-Abl contributes to the expansion of leukaemic cells . Statistical analysis was performed using an unpaired Student's t-test (*P < 0.05, **P < 0.01, ***P < 0.005 compared with levels in 32D cells).
through enhanced proliferation (23) . C4 cells showed increased levels of Calmodulin 1 and Myc-induced nuclear antigen (Mina) among other genes reported to be involved in cellular proliferation. Real-time RT-PCR was performed for both of these genes comparing levels in 32D and C4 cells. In both cases the increased expression seen on microarrays was verified (Fig. 3B,C) . Cytochrome c oxidase subunit VIIIa (COX VIIIa) is a nuclear-encoded protein that is a critical component of the oxidative phosphorylation pathway. Microarray analysis showed this gene to be upregulated in C4 cells and this was confirmed by RT-PCR (Fig. 3D) . The mitochondrion-encoded COX subunits I-III have previously been shown to be differentially expressed in a Bcr-Abl positive cell line (24) , suggesting a role for differential COX expression in CML. Many genes encoding enzymes involved in carbohydrate metabolism were also found to be differentially expressed in C4 cells. This is of specific interest as it has previously been shown that treatment of K562 cells with the Bcr-Abl inhibitor STI571 results in altered metabolic activity (25) . We confirmed the upregulation of aldolase 1A and phosphofructokinase in C4 cells (Fig. 3-E,F) , both of which are involved in glycolysis. The increased expression of phosphofructokinase is of particular interest as this enzyme catalyses the irreversible transfer of a phosphate from ATP to fructose-6-phosphate. Because of the irreversible nature of this step, phosphofructokinase is a key regulatory enzyme for glycolysis.
PI3K has been repeatedly implicated downstream of Bcr-Abl in studies from both mouse (26) and cell line models (14) of CML. However, our finding that PI3Kc expression is upregulated by Bcr-Abl represents not only the first report of altered PI3K expression in CML, but also the first potential involvement of this specific isoform of PI3K. Therefore, we confirmed the increased expression of PI3Kc seen in C4 cells (Fig. 3G ). PI3Kc is a class I B member of the PI3K family and has not to date been implicated in CML. In all PCR experiments, the expression level of each gene was also analysed in C4 cells treated with the Bcr-Abl inhibitor STI571 (Fig. 3) . As shown, in all cases this treatment resulted in expression levels of the particular gene being reverted to those seen in 32D cells. Therefore, confirming that the altered expression seen is due to Bcr-Abl activity.
Use of STI571 to confirm results in K562 cells
In order to confirm that the increases seen in gene expression in C4 cells are not unique to this cell line, we also employed a human CML cell line K562. This is an erythroleukaemia cell line derived from a patient in the blast crisis phase of CML (27) . K562 cells were treated with 0.5 lm STI6571 for 24 h in order to inhibit Bcr-Abl tyrosine kinase activity. This concentration was chosen as it resulted in a complete reduction in phosphotyrosine levels as determined by PY20 antibody binding (Fig. 4A) . It was also determined that this concentration was not significantly cytotoxic to the cells by measurement of PI uptake on a FACScan flow cytometer (Fig. 4B) . mRNA was prepared from both untreated and STI571-treated K562 cells. Real-time RT-PCR was then carried out for the seven genes analysed in 32D and C4 cells. In the case of six of these genes -calmodulin 1 (Fig. 5A ), Myc-induced nuclear antigen (Fig. 5B) , COX VIIIa (Fig. 5C ), aldolase 1A (Fig. 5D) , phosphofructokinase (Fig. 5E ) and PI3Kc (Fig. 5F ) -we found that treatment with STI571 resulted in reduced expression levels of these genes. This suggests that in K562 cells Bcr-Abl activity is required for the high levels of expression seen, thus corroborating in a human CML cell line the results seen in a murine model. For the remaining gene -gamma parvinwe failed to detect expression in K562 cells in the presence or absence of STI571.
Analysis of proliferation in 32D and C4 cells
It has been reported in some studies that Bcr-Abl leads to increased proliferation of cells due to alterations in cell cycle (28) . However, other studies have failed to find any affect on cellular proliferation rates in response to Bcr-Abl (29). As we found numerous genes involved in cell proliferation to be differentially expressed in our model of CML, we determined the growth rate of 32D and C4 cells. This was achieved by counting cell numbers from aliquots at time points over 3 d. As shown in Fig. 6A , we found no difference in the growth rate of C4 cells compared with 32D cells under normal culture conditions (32D cells were grown in the presence of IL-3). However, when both cell lines were cultured in the absence of IL-3 we found a marked decrease in the proliferation rate of 32D cells (Fig. 6B ). This may suggest that the upregulation of genes involved in cellular proliferation allows the Bcr-Abl-expressing C4 cells to grow in the absence of cytokine.
Bcr-Abl expression results in increased glycolysis in C4 cells in a PI3K-dependent manner
We found the expression of a number of genes encoding glycolytic enzymes to be upregulated in the Bcr-Abl-expressing C4 cells when compared with the parental 32D cells. As such we measured the rate of glycolysis in these cells. This was achieved by measuring the rate of conversion of 5- . Statistical analysis was performed using an unpaired Student's t-test (***P < 0.005 compared with levels in untreated K562 cells).
( Fig. 7A ). In fact a 2.5-fold increase in the rate of glycolysis was observed. We also demonstrate that this increased activity is dependent on the tyrosine kinase activity of Bcr-Abl in C4 cells as treatment with STI571 reduces glycolytic activity in C4 cells to levels equivalent to 32D cells. It has been shown recently by Kim et al. (30) that the glucose pathway is involved in increased production of reactive oxygen species (ROS) in CML cells. This study also determined that the PI3K pathway was at least in part responsible for the increased levels of ROS, suggesting that activation of the PI3K pathway is required for increased glycolysis. We show that in our system, the increased rate of glycolysis observed in C4 cells can be significantly reduced by treatment of these cells with the PI3K inhibitor LY294002 (Fig. 7A) . The reduction in glycolytic activity following this treatment is approximately 1.5-fold but this level of activity is still higher than that seen in the 32D cell line suggesting that other pathways may also be involved. A potential candidate is mTOR (molecular target of rapamycin), as activation of this kinase was shown to be required along with PI3K for the increased ROS shown by Kim et al. (30) . It was confirmed that PI3K activity was inhibited by the concentration of LY294002 used (Fig. 7B) . Levels of phosphorylated AKT were used a measure of PI3K activity and, as shown C4 cells display a significantly higher level of activity than do 32D cells. This activity can be reduced by both the Bcr-Abl-specific inhibitor STI571 and the PI3K inhibitor LY294002.
p110c protein expression is increased in a Bcr-Abl-dependent manner, but is not involved in glycolysis
The increased expression of PI3Kc seen in C4 cells is of particular interest as PI3K has been implicated downstream of Bcr-Abl in studies from both mouse (26) and cell line models (31) of CML. However, very little is known about the particular PI3K isoforms involved in Bcr-Abl-dependent signalling. We confirmed increased expression of PI3Kc protein in C4 cells compared with parental 32D cells by Western blotting of whole cell lysates (Fig. 8A) . It is also shown that treatment of C4 cells with STI571 results in a decrease in PI3Kc levels, confirming the requirement for Bcr-Abl tyrosine kinase activity. As we had found that Bcr-Abl tyrosine kinase activity also leads to increased PI3Kc mRNA in K562 cells we analysed levels of PI3Kc protein in untreated and STI571-treated cells. Figure 8B shows that inhibition of Bcr-Abl activity also results in reduced PI3Kc protein levels in K562 cells. Figure 7A demonstrates that PI3K activity is required for increased glycolytic activity in C4 cells. As we found increased expression of the specific p110c isoform of PI3K in these cells we assessed its potential involvement in glycolysis. In order to achieve this we transfected C4 cells with a dominant negative, kinase-deficient mutant PI3Kc (K832R). Clones stably expressing the plasmid were selected by serial dilution in media containing G418. Four representative clones were chosen, namely 5C, 6C, 1H and 5H. However, as Fig. 8C shows we found no difference in the rate of glycolysis in these cells compared with C4 cells suggesting that PI3Kc does not play a role in glycolysis, or if it does, this role is redundant and other PI3K isoforms can compensate in the absence of PI3Kc.
Discussion
The constitutive tyrosine kinase activity of the BcrAbl fusion protein is the causative agent of CML. While many of the pathways activated downstream of Bcr-Abl are known, very little is known about the affects that Bcr-Abl has on gene expression. The data presented here demonstrate the transcriptional profiling of 32D cells, a murine myeloid progenitor cell line, vs. a transfected clone of 32D cells expressing high levels of p210 Bcr-Abl (C4 cells). This study identified 138 genes of known function that showed a greater than twofold difference in expression in response to Bcr-Abl-mediated signalling. The expression of other cDNAs was also found to be deregulated, however, these represented ESTs for which no known genes could be identified. Interestingly we found that more genes showed increased rather than decreased expression in response to Bcr-Abl. The identified genes were subgrouped into different, although partially overlapping, categories based on the function of the encoded proteins. These genes may play a role in the transformation by Bcr-Abl resulting in the adhesion independence, growth factor independence and drug resistance of CML cells. A number of genes of particular interest were chosen and the upregulation seen on the microarrays was confirmed by real-time RT-PCR. While our model of CML allows us to compare directly the effects of Bcr-Abl expression between 32D and C4 cells, this model is subject to the limitations of any cell line model. Therefore, in RT-PCR experiments we have used the Bcr-Abl-specific inhibitor STI571 in order to confirm that the differences seen are in fact due to Bcr-Abl tyrosine kinase activity. That is, for all genes, treatment of C4 cells with STI571 resulted in a decrease of mRNA levels back to those seen in 32D cells. This further verifies that the alterations in expression seen are a direct consequence of Bcr-Abl expression in C4 cells. In addition, in order to confirm that the changes in expression seen are not unique to this model cell line we confirmed the Bcr-Abl-dependent upregulation of six genes in K562 cells (a human CML cell line) by real-time RT-PCR.
Given the importance of adhesion independence in CML it is of interest that several genes involved in cellular adhesion were differentially expressed in C4 cells. Among these were gamma parvin (a focal adhesion protein) and cadherin 5. Cadherins are a family of proteins necessary for cell-cell attachment. Methylation of E-cadherin (cadherin 1) has previously been reported in childhood ALL (32) . These results may suggest a general role for the altered expression of cadherin genes in leukaemia. Cytochrome c oxidase subunit VIIIa was also found to upregulated in C4 cells and this was confirmed by RT-PCR. COX is found as a dimer in mammalian cells with each monomer being composed of 13 subunits. Subunits I-III comprise the catalytic core of the enzyme and are all synthesised from mitochondrial DNA. The remaining subunits (IV-VIII) are synthesised from cellular nuclear DNA. While the mitochondrion-encoded COX subunits I-III have previously been shown to be differentially expressed following treatment of K562 cells with STI571 (24), our work represents the first to demonstrate a link between Bcr-Abl and any of the nuclear-encoded subunits. relative concentrations of nuclear encoded COX subunits compared with mitochondrial encoded COX subunits during the progression of prostate cancer. This may suggest a role for COX in cancer in general with differential expression of subunits being of great importance.
To date a number of studies have reported altered transcription of genes in response to BcrAbl expression. These reports include the upregulation of Bcl-x L (34), c-myc (35) and PKCi (36) and the downregulation of TRAIL (tumour necrosis factor-like apoptosis-inducing ligand) (37) . These genes were not represented on the microarrays used in our studies and as such we cannot confirm these findings in our system. In addition to these studies investigating the altered expression of specific genes downstream of Bcr-Abl, other studies using DNA microarray analysis have demonstrated that the expression of PIASy (protein inhibitor of activated STAT) is downregulated in association with CML progression from chronic phase to blast crisis (38) . Hakansson et al. (39) have also recently shown the upregulation of CEACAM1 (CD66a) by microarray comparisons using U937 cells expressing inducible p210 Bcr-Abl. These studies highlight the benefit of array technology in the identification of novel genes involved in Bcr-Abl-mediated transformation.
There have been several reports of PI3K involvement in signalling downstream of the Bcr-Abl oncogene (8, 31) however, differential expression of any of the PI3K subunits has not been previously reported. Therefore it is of potentially great significance that we find the expression of the class I B catalytic subunit p110c to be increased in C4 cells. This also represents the first potential involvement of this particular isoform of PI3K in CML, at any level. PI3Kc differs from the class I A members in that it associates with a p101 adaptor rather than a p85 regulatory subunit, and also in that it is reported to be activated mainly by G proteincoupled receptors (40) while the p85-associated PI3Ks are activated by tyrosine kinases.
The chronic phase of CML is characterised by the expansion of both mature and immature myeloid cells. This increase in cell number is likely due to an imbalance between proliferation and apoptotic signals. In general, however, the proliferative effect of Bcr-Abl remains unclear. Here we show that ectopic expression of Bcr-Abl in 32D cells results in the altered expression of a large number of genes with a reported function in cellular proliferation. These genes include Myc-induced nuclear antigen (Mina), a direct target gene of Myc. This is not surprising as c-Myc has been shown to play a critical role in transformation by Bcr-Abl (41). Other upregulated cell proliferation genes included both cyclin G2 and cyclin D3, both involved in cell cycle progression. However, while cyclin D3 expression leads to increased proliferation (42), cyclin G2 has been shown to inhibit cell cycle progression (43) . Due to these seemingly contradictory results we measured the growth rate of 32D and C4 cells in order to determine the effect of Bcr-Abl on proliferation. As shown we found that Bcr-Abl expression does not result in increased proliferation under normal culture conditions. A similar result was shown recently by Hakansson et al. (39) , where they in fact demonstrated that inducible expression of p210 Bcr-Abl in U937 cells led to a slight decrease in proliferation. Studies have also failed to show in vivo that CML cells proliferate faster than do their normal counterparts (44) . As such, it would seem that our inability to detect increased proliferation in a cell line model of CML, in fact mimics the disease in vivo. However, we did note a marked difference in rates of proliferation when 32D cells were cultured in the absence of IL-3. This may suggest that the increased expression of proliferation-associated genes is necessary for the growth factor-independent growth seen in CML cells.
It has previously been shown that treatment of K562 cells with the Bcr-Abl inhibitor STI571 results in altered metabolic activity (25) . We found that, in our model of CML, genes encoding key enzymes in glycolysis are upregulated by Bcr-Abl. We confirmed the upregulation of these genes by real-time PCR and also demonstrate that C4 cells display a higher rate of glycolytic activity than do the 32D cells and this increased activity is dependent on PI3K activity. As we found increased expression of the p110c-specific isoform of PI3K in Bcr-Abl-positive cells, we investigated its potential involvement in glycolysis using a dominant negative plasmid. However, we found no difference in the rate of glycolysis between C4 cells and C4 cells transfected with dnp110c. This suggests that p110c either has no role in glycolysis in these cells, or it may have a non-redundant role, whereby in the absence of p110c, other PI3K isoforms can compensate for its activity. Increased glycolysis has been associated with cancer cells for some time (45) and recently, Munoz-Pinedo et al. (46) have shown that a reduction of this activity can sensitise tumour cells to apoptosis through the caspase 8/death receptor pathway.
While the Bcr-Abl-specific inhibitor STI571 (Gleevec) has been reported to have a significant clinical effect when used to treat patients in both the chronic and blast crisis phases of CML (47) , many patients in blast crisis relapse after a relatively short period of treatment (48) . This suggests that if patients are to be treated successfully new targets for therapy need to be found and validated. It is hoped that the identification of new genes and signalling pathways affected by Bcr-Abl will help to achieve this goal.
